The genetic control of plastid inheritance is analysed in cultivars and hybrids of zonal pelargoniums (Pelargonium X Hortorum Bailey).
INTRODUCTION
The use of the fluorochrome 4'6-diamidino-2-phenyl-indole (DAPI) to detect plastid DNA in generative and/or sperm cells of pollen from 235 flowering plant species, has led Corriveau and Coleman (1988) to conclude that biparental inheritance of plastids may occur in about 14 per cent of genera, with examples scattered among 19 per cent of the 80 families examined. Their study confirmed the majority of biparental species previously identified by electronmicroscopic and/or genetic evidence (Kirk and Tilney-Bassett, 1978; Sears 1980) . As well as the traditional white (albino) plastid mutants, inheritance studies are now using mutants with resistance to herbicide or antibiotic, or plastids differing in a biochemical marker (Börner and Sears, 1986) . Moreover, the detection of the inheritance pattern has been improved with the help of tissue culture (Medgyesy et a!., 1986 ) and the analysis of chloroplast DNAs, as recently reviewed by Smith (1988a) . A par-ticularly interesting approach for the analysis of competition between plastids is the creation of hybrid and cybrid cells by protoplast fusion (Kumar and Cooper-Bland, 1986; Kumar and Cocking, 1987) . In the present paper, however, we shall report results from making crosses between plants containing green (G) or white (W) plastids in their germ cells, as these have contributed to our interest in the genotypic control of biparental plastid inheritance.
During interspecific G x W crosses in
Oenothera, Schötz (1954 Schötz ( , 1968 Schötz ( , 1974 Schötz ( , 1975 discovered that the biparental plastid inheritance was strongly biased towards the maternal parent.
Nevertheless, there was considerable variation, which he attributed to differences in the ability of wild-type plastids to multiply in competition with a constant source of mutant plastids. When Chiu et a!. (1988) reciprocally crossed four wild-type plastids with seven plastid mutants in a constant nuclear background, they confirmed the highly significant role of the plastome in the process of plastid transmission. They concluded that differences in the multiplication rates were important but insufficient to explain all the results.
In Pelargonium the study of biparental plastid inheritance has been largely within cultivars, and differences that exist between plastid mutants have not been studied extensively (Abdel-Wahab and Tilney-Bassett, 1981) . Instead, most attention has been given to the important role played by the nuclear genome. After G x W crosses the progeny consist of a mixture of green, variegated and white embryos. Families of individual embryos from selfed or crossed parents are of two patterns that are highly dependent upon the genotype of the female parent. Type I females produce families in which green embryos are most, variegated intermediate and white least frequent. Type II families produce families in which green and white embryos are of approximately the same frequency and variegated embryos the least frequent. The two patterns were considered to be under the control of a major nuclear gene, which was symbolized as Pr, with alternative alleles Pr! and Pr2, on the assumption that the gene controlled plastid segregation through an effect, direct or indirect, on plastid replication (Kirk and Tilney-Bassett, 1978; TilneyBassett, 1988) . The further analysis of the Pr locus may be separated into its behaviour as a major Mendelian switch gene (Tilney-Bassett and Abdel-Wahab, 1982; Tilney-Basset, 1988 ), which we shall not discuss further here, and into the secondary causes for the wide variability in gene expression.
An insight into the nature of the population variability was begun with the analysis of variance of 36 G x W and 36 reciprocal W x G crosses (Tilney-Bassett, 1976 ). This was followed by examining the variation between 214 families, which showed signs of a skewed or normal distribution among type I or type II plants respectively (TilneyBassett 1984) . The investigation has now been expanded by observing the behaviour of a much larger population.
The importance of the nuclear genotype has recently been discovered in other plants. Normally plastid inheritance in Petunia is maternal (Corriveau and Coleman, 1988) , and this was confirmed by Cornu and Dulieu (1988) in crosses between inbred lines and a viable, virescent plastid mutant of P. hybrida "Blue Bedder". But one line, Thl-3, consistently produced up to 2 per cent variegated seedlings indicating a low level of pollen transmission. This was confirmed by creating, through recurrent backcrosses, a strain consisting of the Thl-3 nucleus of P. hybrida and the normal green plastids of P. parodii. The advantage of this combination was that the P. parodii plastids produced a 7.4 kbp fragment, when treated with the BamHl restriction enzyme, that was absent from the P.
hybrida plastid DNA, Hence the phenotypic difference between plastids could be supported by molecular examination, and this was used to prove that the Thl-3 genotype allowed 1-2 per cent pollen transmission whether the pollen transmitted normal or mutant plastids, and whether the normal plastids were from P. hybrida or P. parodii. Another carefully analysed example was found in Medicago sativa by Smith (1988b) , who found a regular biparental inheritance of plastids with a strong paternal predominance, and a high frequency of purely paternal progeny. Differences were found in the precise inheritance patterns, which were influenced by both maternal and paternal genotypes.
These examples show the importance of the genotype in controlling plastid inheritance, and make it clear that the alternatives of uniparental or biparental inheritance are not necessarily fixed but may often be reversible conditions with the possibility of selection changing the population frequencies in either direction. MATERIALS 
AND METHODS
The cultivars of zonal pelargonium (Pelargonium x Hortorum Bailey) are classified into two types. The type I are "Aide", "Dolly Varden", "Fleurette", Lass O'Gowrie" and "Miss Burdette-Coutts". he type II are "Flower of Spring", "Foster's edling", "Hills of Snow", "J. C. Mapping", "Pac rosser Garten" and "Verona".
Over several years all 11 cultivars and a few ybrids between cultivars were selfed, and 88 uclear crosses (not distinguishing separate plastid osses) were made either within and between the iltivars, or between Fis and a parental cultivar, r within and between Fis. The programme created heterogeneous collection of green progeny of 'hich 2601-called families-were tested for the ipe I or II phenotype. Each family was tested by rossing as female parent with the variegated form f "Flower of Spring" as male parent, and scoring e resulting embryos.
The standard male parent is a GWG iesochimera carrying mutant white plastids in its erm cells (Tilney-Bassett, 1986 ). After G x W rosses, the progeny fell into a type I or type II egregation pattern (see Introduction). In some and the frequencies of each group scored. The paternal plastid percentages were grouped and their frequencies scored in similar fashion; the biparental percentages were grouped in two per cent intervals.
The frequencies of maternal and paternal plastid percentages among type I families are shown in a histogram ( fig. 1 ). The families fell into a very skewed distribution with such a strong maternal bias that over 70 per cent of them had at least some maternal plastids in every zygote. Thereafter, The maternal: paternal percentage ratio variec from a rare 3: ito 1: 1 but, unlike the type I plants there was no correlation (r=0.067) between the ratio and the frequency of biparental progeny.
Families with variegated progeny totalled 60 (46.6 per cent) among type Is and 843 (64.7 pei cent) among type Ifs. Among families with vane gated embryos, the most frequent group were those with less than 4 per cent biparental zygotes Thereafter, the frequencies of families witi increasing percentages of biparental zygotes fel sharply at first and then more gently ( fig. 3 ). Onl about 10 per cent of families had more than 2( per cent of biparental zygotes, which were largel from type Is; no family reached as high as 40 pe: cent biparental zygotes.
Within the overall data, there exists subsets 0:
a number of cultivars (or hybrids) from whict there are scores of their progeny derived by sel pollination. This data can be used to separate the variation between cultivars from the variation within them, and to determine the variance attribu- A particularly interesting result was that about half the type I families exhibited a maternal transmission. Even when the polygenic combination permitted the transmission of male plastids, the average female plastid transmission remained much higher than for the male. Hence these plants included genotypes that exhibit a typical maternal plastid inheritance as well as genotypes allowing a modicum of hiparental inheritance.
Possible mechanisms to explain biparental inheritance have been considered by different authors, but none have yet claimed to have found the complete answer. Russell (1986 Russell ( , 1987 has advised us to think about the numerical variation in the plastids: In Impatiens glandul(fera, RichterLandmann (1959) estimated that the zygote contained 150-480 maternal and 20 paternal plastids to give a ratio from 24to 75:1. Meyer and Stubbe (1974) estimated that the zygote of Oenothera erythrosepala contained 25-32 maternal and 8-13 paternal plastids to give a ratio from 4 to 2:1.
Russell has shown that in Plumbago zeylanica the male gamete that fuses with the egg at fertilization contains an average of 243 plastids, and the egg an average of 730 plastids. Hence, the ratio of maternal : paternal plastids is 30: 1 (Russell says there is such a differential input of plastids as between type I and II families, this comes about through the action of the alternative Pr genotypes on the number of maternal plastids as the paternal source was constant. But the observed output frequencies are not necessarily an accurate measure of the input frequencies. Chiu eta!. (1988) rejected the idea that differences between Oenothera crosses were related to variable input frequencies. They favoured a twopart explanation: They suggested that multiplication of the paternal plastids often lagged behind that of maternal plastids in the zygote so decreasing the probability of them entering the terminal cell and lowering the frequency of biparental progeny. Later, during embryo development, they believed that the success of alternative plastid types in a mixed population was more dependent on their relative rates of multiplication so that in some progeny the paternal plastids then became significantly more successful. In his review of organelle heredity, Birky (1983) argued that the frequency distributions seen for chloroplast genes in Chiamydomonas (Birky et a!., 1981) and for mitochondrial genes in yeast (Thraikill et a!., 1980) were the consequence of random drift. Similarly, the distributions seen after Pelargonium crosses (Tilney-Bassett and Birky, 1981) supported the principle that the segregation and/or replication of plastids and plastid DNA appeared to have a strong random element which resulted in random drift of gene frequencies within the zygote and subsequent mixed cells. This, coupled with selection, led to a fixation of alleles giving many purely maternal or paternal embryos, and even whole progenies having maternal or paternal inheritance patterns, or with extremely high variance of gene frequencies. The drift hypothesis stemmed from a need to explain the behaviour of chloroplast and mitochondria in the unicellular alga and fungus, and although the hypothesis was applied to the data from Pe!argonium (Tilney-Bassett, 1988) , the arguments were not completely convincing. On the one hand, there is no direct evidence for the extensive plastid turnover in zygotes needed for drift alone to operate and, on the other hand, the possible spatial separation of the plastids in the zygote coupled with the asymmetric division of the zygote into a larger suspensor and smaller terminal cell may be of overriding significance. Smith (1988b) has argued that relatively high frequencies of uniparental progenies indicate that the plastids may not be randomly mixed and may remain separated spatially in the zygote. So uniparerLtal progeny result from exclusion of one parent's plastids from the terminal cell, while failure of exclusion leads to hiparental progeny. As the paternal progeny were the more abundant, the maternal plastids were excluded more often.
In a consideration of several models, TilneyBassett (1970) was not in favour of the spatial hypothesis, but a model combining the spatial disposition of plastids together with their propensity to mix appears to be worthy of further discussion in relation to the current information from pelargonium.
In regard to type I families, we can assume that the zygotes contain a sizeable population of plastids with a majority derived from the maternal parent. The actual number in the egg probably varied owing to a combination of both polygenic control and a Gaussian distribution around the means, whereas with the constant male parent variation within the male gamete is only Gaussian. As a result of these sources of variation the ratio of maternal : paternal plastids also varies. Now when the zygote divides, we asume that only a fraction of the plastids enter the terminal cell; in other words the population is sampled. Clearly, the chance of including plastids of both kinds depends on the total population, the sample size, and the relative frequencies of the two types of plastid. We therefore expect a threshold ratio of thaternal : paternal plastids above which the likelihood of male iplastids being included in the sample is negligible and below which there is an increasing likelihood of sampling male plastids with decreasing ratio, and this is exactly what we found. As long as the maternal frequency remains greater biparental progeny there was a steep decline from a high frequency of individuals with very unequal proportions of maternal and paternal plastids towards a low frequency of individuals approaching an equal plastid ratio. It was previously argued (Tilney-Bassett and Birky, 1981) that the high frequency of unequal proportions was an expected consequence of drift, but if the plastids should have little turnover this explanation would be inadequate. An alternative is that the paternal plastids remain clustered together within their original cytoplasm from where they only sometimes, and then only gradually-one at a time, migrate into the cytoplasmic arena of the maternal plastids. Yet sometimes the whole cluster of paternal plastids manages to displace the maternal plastids from the location that is most favourably placed to enter the terminal cell.
We suspect that spatial distribution and/or sample size prior to zygote division is important in Oenothera. Among our numerous type I families over 50 included one or more paternal embryos even though their maternal : paternal plastid percentage ratio was >20: 1; yet in Oenothera G x W crosses, with ratios of <2: 1, there were no paternal progeny. This is an extraordinary contrast. How could the Oenothera crosses fail to produce any paternal embryos when the proportion of paternal plastids was much greater than is apparently the case in Pelargonium? It seems likely that the critical difference is in the spatial distribution of plastids. Thus it is conceivable that in Oenothera the maternal plastids are localized in a very favourable position in the zygote for subsequent entry into the terminal cell, and although the paternal plastids may join them to a lesser or greater extent they never succeed in displacing them all. By contrast, it appears that in Medicago it is the paternal plastids that travel to the more favourable position. But like Pelargonium, and unlike Oenothera, the more favourably situated plastid cluster in Medicago is sometimes displaced by the plastids of the other parent, although more often, after G x W crosses in all these genera, a partial mixing of the plastids leads to biparental embryos.
The most striking feature of W x G crosses is that, although the reciprocal of G x W crosses, the majority of the progeny are usually green. The green plastids are generally more successful than the white irrespective of the direction of the cross. This suggests that, whatever the numerical or positional advantage pertaining to either type of plastid, there remains an opportunity for some further adjustment owing, if not to the incompatibility that is sometimes observed between plastids of different species within the same cell (Kumar and Cocking, 1987) , then at least to their lack of equality. Whatever happens, the effect is to make the ratios approach 1: 1 among type II families. Yet the expected increased frequency of biparental progeny was not found. This is explicable on the assumption that maternal and paternal plastids remain poorly mixed, and if only a small sample enters the terminal cell the requisite plastid number is easily supplied by either constituent. It might then be simply a matter of chance as to which plastid cluster is in the favoured position.
We still do not have the answer as to the mechanism for the control of biparental plastid inheritance. But what has emerged from this discussion is that there are several factors that are likely to be significant, and the relative importance of these probably vary from one species to another. A simple universal explanation is unlikely.
